Extra-intestinal pathogenic Escherichia coli (ExPEC) causing urinary tract infections (UTIs) most often belong to phylogenetic group B2 and stem from the patient's own faecal flora. It has been hypothesized that the external reservoir for these uropathogenic E. coli in the human intestine may be meat and food-production animals. To investigate such a connection, this study analysed an E. coli phylogroup B2 strain collection (n5161) of geographical and temporally matched isolates, published previously, from UTI patients (n552), community-dwelling humans (n536), imported (n55) and Danish (n513) broiler chicken meat, Danish broiler chickens (n517), imported (n53) and Danish (n527) pork, and healthy Danish pigs (n58). The isolates were subjected to microarray analysis for 315 virulence genes and variants and 82 antimicrobial resistance genes and variants. In total, 133 different virulence and antimicrobial resistance genes were detected in at least one UTI isolate. Between 66 and 87 of these genes were also detected in meat and animal isolates. Cluster analyses of virulence and resistance gene profiles, respectively, showed that UTI and community-dwelling human isolates most often grouped with meat and animal isolates, indicating genotypic similarity among such isolates. Furthermore, B2 isolates were detected from UTI patients and meat, with indistinguishable gene profiles. A considerable proportion of the animal and meat isolates belonged to the ExPEC pathotype. In conclusion, these findings suggest that B2 E. coli from meat and animal origin can be the source of most of the virulence and antimicrobial resistance genes detected in uropathogenic E. coli isolates and that there is a general resemblance of animal, meat and UTI E. coli based on extended gene profiling. These findings support the hypothesis of a zoonotic link between E. coli causing UTIs and E. coli from meat and animals.
INTRODUCTION
Escherichia coli is a highly versatile species. It can be a commensal in the gut of both humans and animals, as well as a pathogen causing intestinal and extra-intestinal infections . The latter -caused by extraintestinal pathogenic E. coli (ExPEC), notably include bacteraemia, human neonatal meningitis, avian colibacillosis and urinary tract infections (UTIs) Rodriguez-Siek et al., 2005) . UTIs are one of the most common bacterial infections, caused mainly by E. coli belonging to phylogroups B2 and D (Foxman, 2003; Johnson et al., 2005a; Moreno et al., 2008; Takahashi et al., 2006) .
ExPEC isolates seem to differ from commensal E. coli by carrying more virulence genes . Studies have shown a link between the degree of infection in a murine model and the number of virulence genes in the individual E. coli isolates (Denamur et al., 2000; Ewers et al., 2009; Johnson & Kuskowski, 2000; Wiles et al., 2008) . In addition to virulence genes, E. coli strains often also carry several antimicrobial resistance genes (Grape et al., 2005; Maynard et al., 2004; Oteo et al., 2009; Song et al., 2009) . Antimicrobial resistance to E. coli is increasing worldwide (Gupta, 2003) .
It was proposed recently that food and animals may be the source of ExPEC causing UTIs (Ramchandani et al., 2005) . The purpose of this study was to investigate: (i) which specific virulence and resistance genes are carried by E. coli isolated from UTI patients, community-dwelling humans, meat and production animals; and (ii) to what extent E. coli from production animals and meat resemble E. coli from community-dwelling humans and UTI patients. Similar characteristics could suggest that animal and meat isolates are likely sources for uropathogenic E. coli. In addition, we wanted to explore the pathotypes of all isolates to appreciate the general virulence potential of isolates from different habitats. To do this, we genetically characterized 161 geographically and temporally matched phylogroup B2 isolates from the urine of UTI patients, faecal samples from community-dwelling humans, imported and Danish broiler chicken meat, faecal samples from Danish broiler chickens, imported and Danish pork, and Danish pig faecal samples using a microarray capable of detecting almost 400 virulence and resistance genes (Jakobsen et al., 2010c) .
METHODS
E. coli B2 isolates. A total of 964 geographically and temporally matched E. coli isolates from broiler chickens (n5138), Danish (n5197) and imported (n586) broiler chicken meat, pigs (n5145), Danish (n5177) and imported (n510) pork, community-dwelling humans (n5109) (all collected in Denmark in 2004 using stratified sampling schemes) and UTI patients (n5102, collected in one region of Denmark in [2005] [2006] were collected previously and analysed for phylogroup (A, B1, B2 and D) (Jakobsen et al., 2010b, c) . Faecal sampling of community-dwelling human isolates was approved by the Frederiksberg scientific ethical committee [(KF) 01-006/02]. The invited individuals were selected using an algorithm taking the age and gender distribution of the total Danish population, as well as the differential participation rates of various demographic groups, into account. For meat isolates, wholesale and retail outlets were chosen randomly in all regions of Denmark, and the meat samples were representative of the meat on sale for that year. For the foodproduction animal isolates, faecal samples were collected at slaughter houses (each sample represented one flock or herd), and the number of samples was proportional to the number of animals slaughtered each year in each individual slaughter house. Meat from the individual slaughter houses was distributed all over Denmark. Only one E. coli isolate was taken from each human individual, meat sample and food-production animal.
Of these 964 isolates, 161 belonged to phylogroup B2 and were targeted for this study. The B2 isolates were obtained from UTI patients (n552), community-dwelling humans (n536), imported (n55) and Danish (n513) broiler chicken meat, Danish broiler chickens (n517), imported (n53) and Danish (n527) pork and healthy Danish pigs (n58).
Microarray experiments. All microarray hybridizations were performed with an updated version of the previously described oligonucleotide microarray capable of detecting an exhaustive list of E. coli virulence genes and most of the antimicrobial resistance genes found in pathogenic Gram-negative bacteria (Bruant et al., 2006) . With the additional probes (see Supplementary Tables S1 and S2 , available in JMM Online), the updated version of the E. coli DNA microarray allowed the detection of 315 E. coli-specific virulence genes and 82 antimicrobial resistance genes, including most known variants. The updated microarray was validated by performing hybridizations with DNA from a collection of E. coli control strains representing all known pathotypes and by PCR (data not shown).
DNA extraction and labelling. Extraction of DNA was performed as described previously (Bruant et al., 2006) by bacterial cell lysis except that an increased starting culture volume (1 ml instead of 200 ml) was used. DNA labelling was performed as described previously (Bruant et al., 2006) with the two following modifications: 10 ml E. coli lysate was used as template instead of 15 ml and the labelling reaction time was shorter, being stopped after 3 h instead of 3.5 h.
Hybridizations and data acquisition. Hybridizations on E. coli virulence microarrays were performed as described previously (Bruant et al., 2006) . After hybridization, arrays were scanned with a ScanArray Lite fluorescent microarray analysis system (Canberra-Packard Canada), and acquisition and quantification of fluorescent spot intensities were performed using ScanArray Express software, version 2.1 (Perkin-Elmer). For all microarray data, the local background was subtracted from the recorded spot intensities. The median value of each set of duplicate spotted oligonucleotides was then compared with the median value of the negative-control spots present on the array. Oligonucleotides with a signal-to-noise fluorescence ratio of .3.0 were considered positive (Bruant et al., 2006) . Using the Delphi software (Borland Delphi Professional, version 7.0; Borland Software Corp.), we made a simple program for identifying isolates with identical microarray gene profiles. The information on microarray probes can be found in Supplementary Table S1 (targeting virulence genes as well as internal controls) and Supplementary Table S2 (targeting antimicrobial resistance and mobile element genes).
Pathotype assignment. Each strain of the study was assigned to a specific E. coli pathotype according to its virulence gene profile and based on previously described classifications (Bruant et al., 2006; Hamelin et al., 2007) . Isolates were assigned to intestinal E. coli pathotypes based on the presence of specific virulence genes, such as locus of enterocyte effacement (LEE) genes and heat-stable, heat-labile or Shiga-like toxin-encoding genes (Bruant et al., 2006) . E. coli isolates IP: 54.70.40.11
On: Sun, 17 Mar 2019 21:43:50 were classified as enterotoxigenic (ETEC) if they possessed heat-stable and/or heat-labile toxin-encoding genes as well as CFA, F4 and F18 fimbriae-encoding genes. E. coli isolates were considered as Shigatoxin-producing (STEC) if they possessed stx 1 and/or stx 2 genes, and if, in addition, they possessed LEE genes, they were considered as attaching and effacing STEC or enterohaemorrhagic E. coli (EHEC). E. coli isolates were classified as enteropathogenic (EPEC) if they possessed the LEE genes as well as the bundle-forming pili (BFP)encoding genes, and as atypical EPEC if they only possessed the LEE genes and lacked the BFP-encoding genes. E. coli isolates possessing the genes capU, shf and virK and aggregative adherence fimbriae-encoding genes were considered to be enteroaggregative (EAEC). E. coli isolates that possessed invasion-encoding genes were classified as enteroinvasive (EIEC) and E. coli isolates possessing the gene aidaI were considered as diffusely adherent (DAEC).
Whilst intestinal pathotypes are clearly defined, there is no established classification for ExPEC isolates. The criteria elaborated by Johnson (2003) were used to classify E. coli isolates as potential ExPEC. Isolates must possess two or more of the following virulence genes: pap (P fimbriae), sfa or foc (S/F1C fimbriae), afa or dra (Dr-binding adhesins), iutA (aerobactin receptor) and kpsMII (group II capsule synthesis) (Hamelin et al., 2007; Johnson, 2003) . ExPEC strains branched into several subgroups such as uropathogenic E. coli (UPEC), meningitis-associated E. coli (MNEC), septicaemic E. coli (SEPEC) and avian pathogenic E. coli (APEC). Based on these classifications, E. coli isolates that possessed P pilus-and/or S fimbriae-encoding genes and iron acquisition or transport genes were classified as ExPEC subgroup UPEC. E. coli isolates possessing the invasion-encoding gene ibeA and capsular-related genes such as kpsM, neuA and neuC, as well as iron acquisition or transport genes, were classified as subgroup MNEC. E. coli isolates that possessed the toxinencoding genes cdt and/or cnf, the traT gene encoding a complement resistance protein, the iss (increased serum survival) gene and the pap gene, as well as F17-encoding genes (and their variants), together with capsule K1 (neuA) or K2 (kpsmII) markers and iron uptake-related genes, were considered to be subgroup SEPEC. Although the set of virulence factors possessed by an APEC isolate is variable, APEC classification was based on a recent study, where an isolate was 'potentially APEC' when it possessed a combination of any four or more of the five following genes or gene groups: iss, tsh (temperaturesensitive haemagglutinin), P or S fimbriae-encoding genes, iron acquisition or transport genes, and kpsMII (Bonnet et al., 2009 ). It should be considered, however, that no true genotype of APEC has been generally agreed on and that isolates cannot be stated as truly APEC unless they have been proven to be infectious in vivo.
Finally, if isolates possessed none or a few virulence genes not attributed to any of the pathotypes described above, they were regarded as 'potentially non-pathogenic E. coli'.
Statistical analysis. The individual isolate was the unit of statistical analysis. Comparisons of the proportions of the individual pathotypes among isolate origins were analysed using Fisher's exact test (twotailed) with a significance level of P¡0.05 (GraphPad Prism 5; GraphPad Software). Comparisons of the number of genes per isolate among the eight origins were analysed using the Mann-Whitney test (GraphPad Prism 5).
In addition, we analysed how E. coli isolates clustered based on their virulence gene and antimicrobial resistance gene profiles, using PROC CLUSTER in SAS version 9.2 (SAS Institute). Only genes detected in at least one isolate were included in the analysis. In the cluster analyses, we used Ward's minimum variance clustering method and the DSQMATCH method (simple matching coefficient transformed to squared Euclidean distance) to measure distance. This coefficient takes 1-1 and 0-0 matching into account. The results were visualized in a dendrogram (PROC TREE in SAS version 9.2). When analysing the antimicrobial resistance gene profiles, isolates from all origins with no resistance genes were represented as one isolate in the analysis (designated 'mixed'). These isolates had identical sequences of zeros for all the genes. For this reason, the algorithm would group these isolates in one cluster anyway. However, including the 'mixed' category made the figure more readable.
RESULTS
Frequency of virulence and antimicrobial resistance genes among isolates from different origins Overall, 169 virulence and 36 antimicrobial resistance genes among the 315 and 82 genes and variants investigated were detected at least once in one or more of the isolates. The total number of virulence genes per isolate ranged from 25 to 60 genes, irrespective of the isolate origin (Table 1) . Although the median number of virulence genes per isolate was similar (37-47 genes) among the different origins, significantly more virulence genes per isolate were detected among UTI isolates compared with community-dwelling humans (P50.027), imported broiler chicken meat (P50.028), and broiler chicken isolates (P50.001), respectively (Table 1) . Significantly more virulence genes were also found in Danish pork isolates compared with community-dwelling human (P50.009), Danish broiler chicken meat (P50.005) and broiler chicken isolates (P,0.001) ( Table 1 ). The total number of antimicrobial resistance genes ranged from 0 to 17 genes among isolates from all origins ( Table 1) . The median number of antimicrobial resistance genes per isolate was zero for most isolates, with the exception of Danish and imported pork and pig isolates, for which the median number of antimicrobial resistance genes per isolate was significantly higher compared with isolates from most other origins (P¡0.05) (Table 1) . Among the different origins, a total of 39-100 % of the isolates carried one or more antimicrobial resistance genes. The distribution of all virulence and antimicrobial resistance genes detected among E. coli isolates from all origins, as well as the frequency of each individual gene, are summarized in Supplementary  Table S3 , available in JMM Online.
A total of 133 virulence and antimicrobial resistance genes were detected at least once among the UTI isolates. In comparison, a total of 75-136 genes were detected once or more in isolates from the seven other origins. There was a considerable overlap between the array of genes detected in UTI isolates and genes detected in isolates from the other origins: community-dwelling humans (109 genes), imported (66 genes) and Danish (84 genes) broiler chicken meat, broiler chickens (66 genes), imported (72 genes) and Danish (87 genes) pork and pigs (82 genes) ( Supplementary Table S1 ).
Some virulence genes were detected in isolates from all origins ( Table 2) . These 39 genes encoded many different functions, including adhesins, colicins and microcins, toxins, iron acquisition or transport systems, capsular and somatic antigens, and haemolysins and haemagglutinins. No antimicrobial resistance gene was found to be common to all isolate origins. Some virulence and antimicrobial resistance genes (n512) were detected among isolates from human sources and broiler chicken meat and/or broiler chickens only, and some virulence genes (n56) were detected only among isolates from humans and pigs and/or pork (Table 3 ). Some of the tested virulence and antimicrobial resistance genes were detected only in one reservoir (Table 4 ). The number of genes detected exclusively among isolates from one origin varied from 0 to 14 genes (Table 4) .
Finally, a total of 39 isolates from all origins exhibited 16 indistinguishable virulence and antimicrobial resistance gene profiles (each containing two to four isolates). The profiles comprised 36-52 genes (data not shown).
Pathotyping
In general, the majority of isolates from a given origin belonged to ExPEC (and the ExPEC subtypes, such as UPEC, MNEC and APEC) except for imported broiler chicken meat, imported pork and broiler chicken isolates (Table 5) . A single ExPEC isolate could be classified in more than one subgroup according to its gene set. The multiple classification of a single isolate is a result of the individual ExPEC subgroups not having a set of specific subgroup-identifying virulence genes (Hamelin et al., 2007) . None of the isolates was classified as both an intestinal and an extra-intestinal pathotype.
Cluster analyses of virulence and antimicrobial resistance gene profiles
In total, 169 genes were included in the cluster analysis of virulence genes and variants, which resulted in ten clusters, each comprising three to 39 isolates (Fig. 1) . UTI isolates clustered together with meat isolates in five of the ten clusters (clusters 3, 5, 8, 9 and 10). These five clusters comprised 75 % of the B2 strains in the study (121/161 strains). In two of these clusters, UTI isolates also grouped with animals besides meat isolates (clusters 8 and 10). UTI isolates were present in only one other cluster (cluster 4) besides the above-mentioned five clusters (Fig. 1) . Clusters 6 and 7 comprised isolates from community-dwelling humans, meat and animals but no UTI isolates.
A total of 36 genes were included in the cluster analysis of antimicrobial resistance gene profiles (Fig. 2) . Seven clusters were identified comprising three to 109 isolates each. UTI isolates were present in all clusters, and were grouped together with isolates from meat (clusters 1-3 and 5-7) and production animals (clusters 3-7) (Fig. 2) . Cluster 7, which contained 109 isolates including ten UTI isolates, was characterized mainly by a lack of antimicrobial resistance genes, as 76 isolates from all origins but imported pork were negative for all investigated resistance genes (designated 'mixed' in Fig. 2) .
DISCUSSION
In the present study, we used an E. coli DNA microarray to analyse and compare the virulence and antimicrobial resistance gene profiles of phylogenetic group B2 E. coli isolates from UTI patients, community-dwelling humans, broiler chicken meat, broiler chickens, pork and pigs. To our knowledge, this study provides the most extensive characterization to date of temporally and geographically matched phylogroup B2 E. coli from multiple sources, including food animals, meat products and healthy and diseased humans.
Most interestingly, among the 133 different genes detected in UTI isolates, only a few (n514) were detected exclusively in UTI isolates. Whilst some of these 14 genes were associated with the ExPEC pathotype, others were not associated with any type. It is speculation whether these genes are linked to ExPEC. UTI isolates shared 66-87 genes with isolates from Danish and imported broiler chicken meat, broiler chicken, Danish and imported pork, and pigs, Resistance catI (2), mphA (1), blaOXA-1 (1), blaPER2 (1) oqxA (1) bla_ROBI (1) bla_OXA9 (1), bla_CTX_M12
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sepA (1) suggesting that meat and animals can indeed be sources of virulence and resistance genes for UTI isolates. Moreover, 45 virulence genes were detected among isolates from all eight origins. Many of the genes are associated not only with UTIs but also with other extra-intestinal diseases, and included genes such as the iron acquisition genes iutA and iroN (associated with UTIs), blood-brain barrier invasion protein ibeA (meningitis), serum-resistance iss (UTIs, meningitis, avian disease), biofilm-formation agn43 (UTIs, avian disease), pathogenicity island marker malX (extraintestinal disease) and K1 capsule-encoding neuC (neonatal meningitis) (Ewers et al., 2007; Huang et al., 1999; Johnson, 1991; Johnson et al., 2005c; Restieri et al., 2007; Rodriguez-Siek et al., 2005; Russo et al., 2002; Vann et al., 2004) . These findings corroborate the hypothesis that production animals and meat are reservoirs of E. coli carrying ExPEC-specific virulence genes of importance for UTIs and other extra-intestinal diseases. The fact that so many genes are shared among isolates from different origins indicates that E. coli may not be host specific but possess the ability to adapt to many environments, including the human host, and possibly cause infection.
The P fimbriae genes such as papA encoding the Pap fimbrial major subunit and papGII encoding Pap adhesion, which were detected in isolates from UTI patients, community-dwelling humans, Danish and/or imported broiler chicken meat, and broiler chicken isolates but were absent in pork and pig isolates, are associated with pyelonephritis in humans and have also been detected in MNEC and APEC (Ewers et al., 2007; Johnson, 1991) . The four virulence genes detected in E. coli from humans and pork and/or pigs only but not in broiler chicken meat or broiler chickens were UPEC-associated adhesion-encoding genes focG, papA(12), papA(13) and the a-haemolysin toxin-encoding gene hlyA (Johnson, 1991) . This suggests that specific ExPEC-related genes may come from different sources. Finally, 14 genes (such as the archetypal UPECassociated sfaA and afa genes) were detected exclusively in UTI isolates, suggesting either the existence of other gene reservoirs not investigated in this study or the low occurrence of these genes in the veterinary isolates, or both.
Interestingly, although faecal isolates are considered to be commensals and meat isolates are usually thought to originate from faecal contamination, we found that E. coli isolates from healthy production animals and meat carried up to 55 virulence genes, which is almost as many as the UTI isolates (up to 60 virulence genes). Furthermore, a considerable proportion of the meat and animal E. coli isolates were assigned to the ExPEC pathotype (29-89 %) including . This may signify a potential impact of such strains in and beyond the urinary tract. E. coli B2 isolates, regardless of the origin of the isolate, possess large numbers of virulence genes and should be regarded a potential threat to public health in regard to UTIs and possibly other extra-intestinal diseases.
The cluster analysis showed that UTI isolates grouped consistently with meat and/or animal isolates with respect to their antimicrobial resistance gene profiles and in seven (out of ten) clusters with respect to their virulence gene profiles. This provides proof of resemblance -and possibly a link -between E. coli from production animals/meat and UTI E. coli. This link was substantiated by the finding of isolates from these different origins sharing identical virulence and antimicrobial resistance gene profiles. This was an unexpected finding given the extensive number of genes in this gene profiling and the general flexibility of the E. coli gene pool.
Investigations of transmission (such as typing) were unfortunately not possible within the scope of the study. However, given the observation above, transfer of bacterial isolates from one habitat to another may be possible. It may also be possible that genes -and not just isolates -are exchanged between E. coli from different habitats through horizontal transfer; for example, the cvaC gene, which is a marker for conjugative ColV plasmids known to enhance (Depardieu et al., 2007; Fernandez-Beros et al., 1990; Johnson, 1991) .
In our study, antimicrobial resistance genes encoding resistance to sulfonamide and trimethoprim were detected among isolates from pigs, pork, community-dwelling humans and UTI patients (but not broiler chickens or broiler chicken meat). Sulfonamide and trimethoprim are commonly used for treatment of UTIs in Denmark (Kerrn et al., 2002) . The antimicrobial resistance in pig isolates was possibly a consequence of the relatively high use of antibiotics in pigs compared with low use in poultry production in Denmark. In 2004, the sulfonamide/ trimethoprim consumption in pigs equalled 7054 defined animal daily doses as opposed to the sulfonamide consumption in broiler chickens, which equalled 86 animal daily doses (DANMAP, 2005) . The sulfonamide and trimethoprim resistance genes were possibly co-localized on mobile elements such as integrons, which were detected in isolates from these origins. Our results allow a fundamental step forward in the understanding of the full virulence potential and, to a lesser extent, of the antimicrobial resistance potential of UTI isolates as well as commensal animal and food isolates. UTI, animal and meat E. coli isolates have been investigated previously for their virulence genes but never to this extent, and only a few isolates were investigated simultaneously for antimicrobial resistance genes (Bonnet et al., 2009; Ewers et al., 2007 Ewers et al., , 2009 Hamelin et al., 2006 Hamelin et al., , 2007 Hannah et al., 2009; Jakobsen et al., 2008; Johnson et al., 2005b Johnson et al., , 2009 Maynard et al., 2004; Moulin-Schouleur et al., 2007; Ramchandani et al., 2005) .
The extensive gene profiling, epidemiologically sampled isolates, analysis of B2 isolates only and the many isolate origins investigated here make up the strength of this study and provide radical difference from previous studies. Interestingly, despite this extensive gene profiling, similarities between isolates from UTI, animal and meat E. coli was clearly apparent. One limitation in our study was the limited numbers of B2 isolates from broiler chicken meat, broiler chickens, imported pork and pigs. Furthermore, there may be other unknown virulence genes of importance for UTIs that were not included in the array. Fig. 2 . Clustering of 161 E. coli B2 isolates from UTI patients (UTI), community-dwelling humans (CDH), imported broiler chicken meat (IBCM), Danish broiler chicken meat (DBCM), broiler chickens (BC), imported pork (IP), Danish pork (DP) and pigs (P) based on the presence or absence of 36 antimicrobial resistance genes and variants. 'Mixed' represents a group of isolates negative for any resistance gene from patients with UTIs (n527), community-dwelling humans (n522), Danish (n57) and imported chicken broiler meat (n53), broiler chickens (9), Danish pork (n57) and pigs (n51). UTI isolates are highlighted in bold.
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On: Sun, 17 Mar 2019 21:43:50 Finally, of the 397 genes, three probes [sopA, tet(D) and tnpM] on the microarray were in some cases prone to high background noise and may benefit from optimization in future studies.
In conclusion, cluster analyses of virulence and resistance gene profiles indicated a genotypic similarity between UTI and community-dwelling human isolates and meat and animal isolates. Furthermore, a considerable proportion of the animal and meat isolates belonged to an ExPEC pathotype, indicating their importance for human health. Finally, we detected B2 isolates from UTI patients and meat with indistinguishable gene profiles. This shows that B2 E. coli from meat and animal origin can be the source of most of the virulence and antimicrobial resistance genes detected in UPEC isolates. Thus, our findings support the hypothesis of a zoonotic link between UPEC and E. coli from animals and meat (Jakobsen et al., 2010a; Ramchandani et al., 2005; Vincent et al., 2010) .
